To determine the expression of cancer testis (CT) genes and antibody responses in a nonselected population of patients with primary breast cancer, we investigated the composite expression of 11 CT genes by RT-PCR in fresh biopsies of 100 consecutive cases of primary breast carcinoma and by immunohistology in selected RT-PCR-positive cases. Antibody responses against 7 CT antigens were analyzed using recombinant antigen expression on yeast surface. In 98 evaluable cases, SCP-1 and SSX-4 were expressed most frequently (both 65%), followed by HOM-TES-85/CT-8 (47%), GAGE (26%), SSX-1 (20%), NY-ESO-1 (13%), MAGE-3 (11%), SSX-2 (8%), CT-10 (7%), MAGE-4 (4%) and CT-7 (1%). One CT gene was expressed by 90% of the cases; 79% expressed 2, 48% 3, 29% 4, 12% 5, 6% 6, 3% 7, 2% 8 and one case coexpressed 9 antigens. Of 100 serum samples screened for CT antigen-specific antibodies, antibodies against NY-ESO-1 were detected in 4 patients, against SCP-1 in 6 patients and against SSX-2 in 1 patient, while no antibodies were detected against MAGE-3, CT-7 and CT-10. Expression of CT genes or antibody responses was not correlated with clinical parameters (menopausal status, tumor size, nodal involvement, grading, histology and estrogen receptor status) or the demonstration of CT gene expression at the protein level, by immunohistology. Our results show that breast carcinomas are among the tumors with the most frequent expression of CT antigens, rendering many patients potential candidates for vaccine trials. ' 2005 Wiley-Liss, Inc.
Breast cancer is one of the most common malignancies in women and second in cancers causing death among women in the United States, where over 40,000 patients die each year of the disease. 1 Despite effective adjuvant therapy after primary surgery, 2 a considerable proportion of patients with limited-stage disease develop metastatic disease. Even though the median survival of patients with metastatic breast cancer can be prolonged by effective hormonal 3 and chemotherapeutic 4 agents as well as combinations of chemotherapy with the anti-her-2/neu antibody trastuzumab, 5 metastatic disease is eventually fatal. An attractive approach to reduce the rate of failures after primary treatment of breast cancer could be immunotherapeutic strategies, which should be most efficient in the state of minimal residual disease after primary treatment of patients with limited-stage disease.
A prerequisite for the development of tumor-specific immunotherapeutic strategies is the existence and identification of tumor antigens, i.e., genes that are either exclusively or preferentially expressed in malignant compared to normal tissues. In breast cancer, only few tumor antigens are known, and most are overexpressed in tumor cells but will also be found at a certain level in normal human cells, e.g., CEA, CA15-3, Her-2/neu, MUC-1.
6,7
Expression of these genes in normal tissue limits their use as targets for specific immunotherapy. In contrast to the overexpressed antigens, the so-called shared tumor antigens are expressed only by a variety of malignant tumors, not by normal tissues except for the germ cells in testis. Due to this peculiar expression profile, the terms CT 8 and CG 9 antigen have been coined for them. An important point concerning the therapeutic use of CT antigens is that vaccines targeting them will not affect germ cells because they lack expression of the MHC molecules that are necessary for the presentation of the respective antigenic peptides. CT-7, 16 HOM-TES-85/CT-8 17 and CT-10, 8 all of which have been defined using SEREX. 18 Analysis of the expression pattern of the CT genes revealed that some of them are also expressed in breast cancer. 19, 20 However, little is known about the composite expression of CT genes in primary breast cancer, and no data are available on the incidence of antibodies against these antigens in breast cancer. Our study of a large panel of CT genes in primary breast cancer shows that these tumors frequently express a selected spectrum of CT genes, providing the molecular basis for the development of CT antigen-based vaccine strategies.
Material and methods

Tissues and cell lines
The study was approved by the local ethics review board (Ethikkommission der € Arztekammer des Saarlandes) and performed according to the Declaration of Helsinki. Recombinant DNA work was done with official permission and in accordance with the rules of the state government of Saarland. After informed consent, tumor and serum samples were obtained from 100 patients with operable breast cancer upon the primary definitive operation (mastectomy, 36 cases; lumpectomy, 59 cases; reductive tumor surgery, 5 cases) at the Department of Gynecology, University of Saarland Medical School, between June 2001 and May 2002. Biopsy samples were snap-frozen within 1 hr after excision. Tumor stage and grading were determined according to the UICC. 21 Breast cancer tissue was divided in 2 parts. One part was fixed in formalin and embedded in paraffin for conventional histopathologic staining (hematoxylin and eosin) and immunohistochemistry. The other part was snap-frozen in liquid nitrogen and microscopically checked for the presence of neoplastic tissue and the amount of contaminating normal breast tissue in cryostat sec-tions before use for RT-PCR. Normal tissues were collected from breast-reduction operations performed for cosmetic reasons.
RT-PCR
Total cellular RNA was extracted from frozen tissue specimens of 100 fresh breast cancer samples, 4 normal breast tissues (obtained from breast-reduction operations) and other normal tissues (see Results) using guanidinium-isothiocyanate for denaturation followed by an acidic phenol extraction and isopropanol precipitation. 18 Total RNA (4 lg) was primed with an oligo(dT)18 oligonucleotide and reverse-transcribed with Superscript II (Life Technologies, Eggenstein, Germany) according to the manufacturer's instructions. The cDNA obtained was tested for integrity by amplification of b-actin and p53 transcripts in a 35-cycle PCR, as described elsewhere. 22 For PCR analysis of the expression of individual CT gene transcripts, first-strand cDNA was amplified with transcript-specific oligonucleotides (10 lmol) using 1 unit of AmpliTaq Gold (Perkin Elmer, Weiterstadt, Germany), 10 nmol of each deoxynucleotide triphosphate (dATP, dTTP, dCTP, dGTP) and 1.67 mM MgCl 2 in a 30 ll reaction. The primers (MWG Biotech, Ebersberg, Germany) for the respective CT genes have been reported previously 20, 23, 24 and were as follows: SSX- Amplification was performed in a TRIO-Thermoblock (Biometra, Gottingen, Germany). After 12 min activation of AmpliTaq Gold polymerase at 94°C for hot-start induction, 35 cycles of PCR were performed with 1 min at the respective annealing temperature as indicated above, 2 min at 72°C and 1 min at 94°C, with a final elongation step at 72°C for 8 min. A 15 ll aliquot of each reaction was size-fractionated on a 2% agarose gel, visualized by ethidium bromide staining and assessed for products of the expected size.
Detection of antibodies against CT antigens
Patient sera were studied for antibodies against CT antigens by flow cytometry using yeast transformed to express the recombinant antigen on the surface. RAYS was performed as described previously. 25 The pYD1 plasmid was part of the pYD1 yeast display vector kit from Invitrogen (Leiden, Netherlands). cDNA coding for the analyzed CT antigens was amplified by PCR from phage supernatant. Because of its size, SCP-1 had to be divided into several fragments, which were cloned into the BamH1/XhoI sites of pYD1. NY-ESO-1-, MAGE-A3, SSX-2 and SSX-4 inserts were cloned into the EcoRI/XhoI sites of pYD1. CT-7 and CT-10 were inserted by homologous recombination. SSX-2 and SSX-4 primers are identical because of identical 5 0 and 3 0 cDNA sequence of SSX-2 and SSX-4, respectively. All constructs were checked by sequencing. The plasmids pYD1, pYD1-NY-ESO-1, pYD1-SSX-2, pYD1-SSX4, pYD1-CT-7, pYD1-CT10 and pYD1-Mage-A3 as well as the plasmids containing the 5 fragments of SCP-1 were introduced into Saccharomyces cerevisiae EBY100 using a commercially available transformation kit (EasyComp, Invitrogen) according to the manufacturer's recommendations. Thereafter, yeasts were spread on MD-Leu plates (0.67% yeast nitrogen base, 2% dextrose, 0.01% leucine, 1.5% agar) for the selection of transformed clones. Colonies were picked and cultured [YPD/CAA-Glu: 1% yeast extract, 2% polypeptone, 2% dextrose; YNB/CAA-Glu: 2% dextrose, 0.67% yeast nitrogen base, 0.5% Casamino acids (Difco, Detroit, MI)] with constant agitation to an approximate OD (600 nm) of 4 (30°C, 4 hr). To induce surface protein expression, yeasts were pelleted by centrifugation, resuspended to an OD (600 nm) of 0.6 in YNB/CAA-Gal and grown with agitation for an additional 48 hr (20°C).
For preabsorption, sera were diluted 1:50 in PBS and mixed with approximately 1/4 volume of pelleted yeast containing the empty pYD1 vector. This preabsorption mix was agitated overnight at 4°C to eliminate unspecific binding to yeast surface molecules. After pelleting, the supernatant was recovered and diluted with PBS to a final serum dilution of 1:100. Sodium azide (0.05% w/v) was added for preservation.
Transformed and induced yeast cells were collected by centrifugation (2,000g, 5 min) and washed with PBS. Yeasts containing pYD1 as a control and yeasts containing pYD1 with the respective antigenic inserts were incubated at room temperature with 100 ll of preabsorbed serum (final dilution 1:100) for 30 min with occasional agitation. After washing with PBS (0.1% Tween), secondary biotinylated antihuman IgG Fc-g-specific serum (Dianova, Hamburg, Germany; dilution 1:200) was added and incubated for 30 min at room temperature with occasional agitation. Finally, Rphycoerythrin-conjugated streptavidin (Dianova) was added (dilution 1:200, room temperature, 15 min) and washed twice with PBS (0.1% Tween). Expression control for the cloned antigens was performed by detection of expressed HIS-tag using the specific biotinylated anti-penta HIS antibody (1:500; Qiagen, Hilden, Germany) and R-phycoerythrin-conjugated streptavidin (dilution 1:200, 15 min incubation). Labeled yeast cell suspensions were analyzed by flow cytometry (FACScan; Becton Dickinson, Heidelberg, Germany). For each sample, 30,000 cells were collected. The ratio between the intensity of the signal measured on antigenexpressing and nonexpressing (pYD1) yeasts was calculated for each individual serum sample. A sample was considered to be positive if this ratio was 2. All positive antibody reactivities were confirmed using the phage assay, as described before. 13 
Immunohistochemistry
Paraffin sections were deparaffinized in xylene and rehydrated in decreasing concentrations of ethanol. Following a rinse with distilled water, endogenous peroxidase was quenched with 3% hydrogen peroxide in methanol. Antigen was retrieved by incubation in buffer (S2031; Dako-Cytomation, Glostrup, Denmark) at 90-95°C for 30 min. Unspecific binding sites were blocked by incubation in 20% rabbit serum in TBS (v/v) for 20 min. For detection of SCP-1, sections were incubated for 30 min at 37°C with a previously determined optimal dilution of mouse anti-SCP-1 MAb 26 (SC554, IgG1; hybridoma supernatant diluted 1:3 in TBS, 1% BSA, 0.1% Tween). For detection of SSX, sections were incubated overnight at 4°C with mouse anti-SSX MAb reacting with SSX-2, SSX-3 and SSX-4 but not SSX-1 (E3AS, IgG; hybridoma supernatant diluted 1:2 in TBS, 1% BSA, 0.1% Tween). 27 After washing with TBS, slides were incubated with biotinylated rabbit antimouse immunoglobulin antibody (1:200 in TBS, 1% BSA, 0. 1% Tween; E0413, Dako-Cytomation) for 15 min at 37°C, washed and incubated with horseradish peroxidase-conjugated streptavidin complex (1:300 in TBS, 1% BSA, 0,1%Tween; P0397, Dako-Cytomation) for 15 min at 37°C. Sections were sequentially washed. The color reaction was developed with diaminobenzidine in TRIS-HCl buffer (3468, Dako-Cytomation) and stabilized by saturated cupric sulfate for 2 min. Slides were counterstained with Mayer's hematoxylin. Nonspecific staining of the primary antibody was assessed by substituting an isotype-matched mouse myeloma antibody against an irrelevant protein (MOPC-21, IgG1; Sigma, Deisenhofen, Germany). A consecutive section was stained by hematoxylin and eosin. Positive control sections of testis were included with each batch of staining.
Results
Study population and validity of the experimental approach
Expression of 11 CT genes (SCP-1, MAGE-3, MAGE-4, GAGE, SSX-1, SSX-2, SSX-4, NY-ESO-1, CT-7, HOM-TES-85/CT-8 and CT-10) was analyzed in 100 samples of fresh biopsies from primary breast cancer. With the exception of one case, all specimens were proven to contain breast cancer tissue by routine histopathologic evaluation of hematoxylin and eosin-stained slides. Another sample was negative for p53 expression by RT-PCR and therefore considered not evaluable for the expression studies, leaving a total of 98 evaluable cases.
Intensities of PCR products were heterogeneous, and some specimens yielded only faint amplicon bands. These were scored positive only if the result could be reproduced by repeated RNA extraction and specific PCR from the same tumor specimen with clear bands. Cases with very low transcript levels in 2 experiments and negative in a third test were not regarded as positive.
Complete clinical and immunohistologic data on 98 patients treated by either breast-conserving surgery or mastectomy were available (Table I) . Median age was 59 years, with 28% in preand 72% in postmenopause. According to the UICC classification, 54% of patients had stage II invasive breast cancer and 32% had stage I disease. Therefore, the majority of patients (86%) suffered from early-stage invasive breast cancer (stages I and II), whereas 14% of patients were afflicted with locally advanced breast cancer (stage III). Histopathologic analysis demonstrated invasive ductal carcinoma in 73% of cases and invasive lobular carcinoma in 13%. The remaining 14% were diagnosed as mucinous, medullary, tubular, intraductal, solid and cribriform carcinoma.
Expression of individual CT gene mRNA in primary breast cancer
None of the 11 CT antigens studied was expressed in normal breast tissue (n 5 4) or other normal tissues (bladder, brain, colon, kidney, liver, lung, lymph node, muscle, ovary, peripheral blood lymphocytes, prostate, rectum, skin, spleen, stomach, tonsil, uterus). In contrast, primary breast cancers frequently expressed one or more CT gene mRNA (Fig. 1) . The most frequently expressed CT genes were HOM-TES-14/SCP-1 and SSX-4, which were both detected in 65% of cases, followed by HOM-TES-85/CT-8 (47%), GAGE (26%), SSX-1 (20%), NY-ESO-1 (13%), MAGE-3 (11%), SSX-2 (8%), CT-10 (7%), MAGE-4 (4%) and CT-7 (1%).
Coexpression of multiple CT gene mRNA in primary breast cancer
Expression of at least one antigen was observed in 88 breast cancer samples, and 77 cases expressed more than one CT gene (Fig. 2) . Three or more CT genes were expressed in 47 cases. Still more than one-quarter (29%) expressed at least 4 CT genes, while 16 specimens expressed 5, 6 cases 6, 3 cases 7, 2 cases 8 and one coexpressed 9 antigens. There was no obvious correlation between the expression of different CT genes. While SCP-1 was the most frequently expressed CT gene, of the 88 tumors that expressed at least one CT gene, 25 were negative for SCP-1 and 6 did not express either of the 2 most frequently expressed genes, SCP-1 and SSX-4.
Antibody reactivities against CT antigens in patients with primary breast cancer Sera from all of the 100 patients included in the study were obtained at the day of breast surgery and tested for the presence of antibodies against 7 CT antigens together with the sera of 50 healthy controls using RAYS: MAGE-3, SCP-1, SSX-2, SSX-4, NY-ESO-1, CT-7 and CT-10. No antibodies were detected in the sera of 50 healthy controls. Antibodies against NY-ESO-1 were detected in the serum of 4 patients, against SCP-1 in 6 and against SSX-2 in one patient; but no antibody reactivities were detected against SSX-4, MAGE-3, CT-7 and CT-10. Three of 12 (25%) patients with NY-ESO-1-positive tumors had detectable anti-NY-ESO-1 antibody levels; in the tumor of the fourth anti-NY-ESO-1 antibody-positive patient, no NY-ESO antigen was detected on repeated RT-PCR and immunohistologic analyses. Of the 63 patients with SCP-1-positive tumors, 6 (10%) had anti-SCP-1 antibody reactivity in their serum. The frequency of specific antibodies in the serum of patients with SSX-2-positive tumors was similar (1/8% or 12.5%).
Expression of CT genes and correlation with clinicopathologic parameters
Expression of each CT gene was correlated with the following 6 parameters: histology (ductal vs. lobular carcinoma); size of primary tumor (T1/2 vs. T3/4), presence or absence of lymph node involvement (N0 vs. N1), grade of differentiation (2 vs. 3), menopausal status (premenopausal vs. postmenopausal) and estrogen receptor status. NY-ESO-1 was more often associated with lobular than with ductal carcinoma (p 5 0.04, v 2 test), MAGE-3 was more often associated with larger primary tumors (T3,4; p 5 0.015, v 2 test) and SCP-1 expression was more often associated with nodular involvement (p 5 0.03, v 2 test) and estrogen receptor-negative tumors (p 5 0.01, v 2 test). However, when adapted for multiple testing and a critical p value < 0.0083 (i.e., 0.05/G 5 0.083), these correlations did not retain clinical significance.
SSX and SCP-1 protein expression
RT-PCR-positive breast carcinoma samples from which sufficient material was available were investigated for expression of the frequently expressed SSX and SCP-1 proteins by immunohistochemistry. Expression of SSX protein was found in 5 of 16 SSX RT-PCR-positive tumor samples (31%). The staining pattern varied from single positive cells to foci of positive cells distributed all over the tumor. As shown in Figure 3 , positive cancer cells showed nuclear reactivity. Expression of SCP-1 antigen was demonstrated in 6 of 13 SCP-1 RT-PCR-positive tumor samples (46%) and revealed up to 50% single positive tumor cells per sample (Fig. 4) . CT antigen-positive tumors, as demonstrated by immunohistology, were found both in patients with and without antibody reactivity against the respective antigen in their serum. However, because the selection of tumors for immunohistology was solely based on the availability of sufficient biopsy material, there was a bias toward larger tumors analyzed for protein expression. Due to this fact and the small number of appropriate biopsies available, correlations of protein expression as demonstrated by immunohistology with any of the clinical parameters listed in Table I or the presence of antibodies in the serum of the respective patients could not be investigated.
Discussion
To date, no systematic survey of CT gene expression and antibody responses against CT antigens in breast cancer patients has been published. In our population of patients with early breast cancer, NY-ESO-1 was confirmed as the most autoimmunogenic CT antigen, with detectable antibody levels in one-quarter of patients with NY-ESO-1-positive tumors. In contrast, the incidence of SCP-1 and SSX-2 antibodies in patients with tumors expressing the respective antigens was much lower, and antibodies against the other 4 CT antigens expressed by the tumors were not detected. The low incidence of antibodies to CT antigens in this population might be interpreted as support for the widespread assumption that the incidence of antibodies against CT antigens is lower in patients with early-stage carcinoma than in patients with a higher tumor load. However, this assumption is not based on solid ground because no systematic studies addressing this question have been published to date; rather, published reports are mostly anecdotal and, therefore, no firm conclusions as to the frequency of CT gene expression and antibody reactivity in the serum of patients with low vs. high tumor load can be drawn. We cannot exclude the possibility that CT antigen expression and antibody frequencies might be quite different in metastatic disease; however, there is no published study that prospectively compared CT antigen expression and antibody reactivity in limited-stage and metastatic disease. A previous smaller (and retrospective) study performed by our group in a different series of patients that also included patients with metastatic disease 28 yielded frequencies of SSX and SCP-1 expression and antibodies against these CT antigens that were quite similar to the ones reported here.
Antibodies against CT antigens were detected only in patients with tumors expressing the respective CT gene mRNA but not in patients with CT gene-negative tumors or healthy controls. The only exception to this was the detection of NY-ESO-1 antibodies in the serum of one patient with an NY-ESO-1-negative tumor. This case was checked again for NY-ESO-1 expression by RT-PCR using 2 different primer pairs, and NY-ESO-1 negativity was confirmed. The presence of specific IgG antibodies in the absence of NY-ESO-1 expression might be explained by a recent report, where NY-ESO-1 was found in 68% of fibroadenomas and fibrocystic disease cases. 29 The physiologic function of most CT genes is unknown, and their possible role in tumorigenesis can only be speculated. 30, 31 The CT gene with the most frequent expression in breast carcinoma was that coding for HOM-TES-14/SCP-1, which is involved in meiotic chromosome pairing.
32 SCP-1 is also frequently found (30-50%) in other neoplasms, including gastrointestinal cancers like colorectal and gastric carcinomas, 20 hepatocellular carcinomas, 24 breast carcinomas, 20 astrocytomas, 26 lymphomas 33 and pancreatic carcinomas. 23 The function of SSX-4, the other CT gene found in a significant proportion of breast carcinomas, is not known. Expression of the other CT genes investigated in our study was infrequent. Results concerning their expression have not been published to date for breast cancer. SCP-1 has also been reported by others to be the most frequently expressed CT antigen in breast carcinomas. 20 Expression of the MAGE antigens in our study was in a range similar to what has been described in another study restricted to analysis of MAGE antigens, 34 while it was reported to be higher in poorly differentiated breast cancers. 35 Reports on the association of CT gene expression with clinical parameters must be met with caution because the associations are usually weak and the significance levels not adjusted for multiple testing. This also applies to the reported correlation of NY-ESO-1 T-cell responses with antibody responses, 36 which could not be confirmed by others. 37 In another study, NY-ESO-1 was associated with higher histologic grade (p 5 0.097) and negative estrogen receptor status (p 5 0.082). MAGE immunoreactivity was inversely correlated with tumor differentiation in yet another study. 35 In our study, we observed trends (p < 0.05) for an association between NY-ESO-1 and lobular rather than ductal carcinoma, MAGE-3 and large primary tumors (T3,4) as well as higher histologic grade and SCP-1 and the absence of estrogen receptors in the tumor and nodular involvement; however, after adjusting for multiple testing, these correlations failed to reach the adjusted significance level of p < 0.0083 (i.e., p < 0.05/G 5 0.083 for testing 6 clinical parameters). Even if the prognostic subgroups of patients in Table I were large enough to yield statistically significant differences, the figures in Table I make it clear that such differences would be in the range of a few percent only.
Whether immunologic factors play a role in the pathogenesis of human breast cancer is still a matter of debate. Lymphoid infiltrates are frequent in breast cancer, [38] [39] [40] particularly the intense Band T-cell infiltrates in medullary carcinoma, 41, 42 and suggest that there is immune recognition in breast cancer; however, there is as yet no conclusive evidence that such infiltrates have prognostic value. 43 From our data, it becomes evident that 90% of our patients with primary breast carcinoma would be eligible for specific immunotherapeutic approaches with at least one CT antigen, nearly two-thirds would be eligible for a bivalent CT antigen vaccin, and for nearly half a trivalent vaccine would be available. This makes primary breast cancer one of the human neoplasms with the most frequent expression of CT genes. Several phase I studies using various vaccine strategies similar to those previously evaluated in malignant melanomas [44] [45] [46] have suggested the safety of this approach in breast cancer patients 47 and other types of human cancer. 48 As a note of caution, however, one should keep in mind that SCP-1 and SSX expression at the protein level could be demonstrated not in all cases expressing the respective mRNA. Whether this is due to a lower sensitivity of the detection method used (immunohistology using CT antigen-specific antibodies) or whether the mRNA is not translated into protein cannot be determined at this point. The fact that we detected SCP-1 antibodies in patients with SCP-1 mRNA-positive tumors that were negative on immunohistology suggests that the failure to detect the antigenic protein is rather due to sensitivity problems of the immunohistologic method. It also shows that mRNA-positive tumors can elicit immune responses even if the specific protein expression is below the immunohistologic detection level. However, even if small amounts of protein can elicit specific IgG antibody responses in a cancer patient, it remains to be shown whether antigen expression that is below the detection limit by immunohistology can render a tumor cell a target of a successful cytotoxic immune attack. Our study shows that the demonstration of expression of cancer-specific antigens by tumor cells is only an important first step on the long road to the development of a clinically successful vaccine for breast cancer.
